Abstract. This paper presents a Thermomagnetic Motor, whose design of the motor is based on a thermal-magnetic coupled dynamic model, which models its magnetic as well thermal properties (magnetic permeability and thermal conductivity). The thermal processes are supposed to be influenced by the thermal conductivity, the convection and the advection. An analytical expression of the generated torque, which links this quantity to the magnetic, thermal and geometrical parameters of the generated torque is given. A design of a machine, based on this theory is proposed and the related performances are numerically simulated. An experimental verification of the performances is reported.
Introduction
This paper presents a Thermomagnetic Motor, which is a device able to convert thermal energy into kinetic energy by using electro-magnetic phenomena.
Thermal energy conversion into kinetic energy can be obtained in a Curie motor [1] [2] , where the driving force is generated by a thermally induced permeability difference in two areas of the rotor.
Several Experimental realizations of the motor have been published [2] [3] , but in all the experimental applications a relatively low speed and a very low torque have been obtained. These limited characteristics have been caused by the fact that in the force generation process two physical phenomena (thermalization and magnetization) characterized by two different time scale are involved and have strongly limited the application of Curie motor to some simple devices (mostly toys).
This paper presents a Curie motor designed by using mathematical model which is based on the d-q axis general theory of electric machines. This models shows on one hand how a Curie motor is equivalent to a d.c. machine whose d-q model can be derived and on the other hand is able to describe the thermal processes that influences the motor working condition [4] The paper is divided as follows: after the introduction in section II the principle of operation of the proposed motor is explained, in section III the dq axis theory of the Curie motor is briefly recalled, in section IV the developed theory is used to discuss the design of the motor, in section V some experimental results are shown and finally in section VI some conclusions are drawn.
Principle Of Operation Of Curie Motor. The principle of operation of the Curie-motor can be explained by fig. 1 .: Figure 1 . A Curie linear motor, with a soft magnetic, movable armature. The magnetization and temperature varies between the hot and the cold side [4] The magnetic field is generated by a fixed permanent magnet. In order to generate a driving force, a side of the rotor is heated. Because of heat conduction along the armature, the temperature in the gap increases and the magnetic properties change [5] [6] . The cold side of the rotor is kept at initial temperature by cooling. If the warm side of the armature is heated above Curie temperature, it behaves there magnetically like air or vacuum. Thus the energy density of the magnetic field at the hot side increases and the permeability decreases, on the contrary, at the cold side of the armature, the energy density remains low and the magnetic permeability high. As a result, a force arises in direction of the higher energy density of the warm side. If the armature is movable, it is drawn into this direction [7] . Under the mentioned conditions the Curie-motor performs like a conventional magnetic device. In reality however, the Curie-motor will not produce a sharp boundary surface between warm and cold side. However, a sharp difference in the magnetic properties of the rotor are induced in the area at Curie Temperature. This effect allows to define a line of the rotor where the phase transitions takes place. This line is called Phase Transition Line
The Dq Axis Theory Of The Curie Motor .The use of d-q axis theory of electric machines to describe Curie motor meets a fundamental difficulty: in Curie motor nor currents neither voltages are involved. As a result, one could think that d-q theory is not applicable to Curie motor. However in [4] it has been shown how this difficulty can be overcome by comparing field distribution of a Curie motor to the field distribution of a d.c. machine [8] . Fig. 2 shows how the field distribution of a Curie motor can be obtained by placing a magnet in quadrature with the excitation magnets and, therefore, it is substantially identical to the structure of a d.c. electrical machine. Therefore, the equations used for the description of a d.c. machine can be used to describe Curie motor. Accordingly to what said above, the set of dynamic equations that describe a Curie motor, in stationary conditions and under the hypothesis of a constant excitation field, reads as follows:
Where φ is the excitation flux, k is a constant, Id is a fictious current along the direct axis that is able to generate the excitation flux, V q is the voltage on the quadrature axis circuit, R q is the resistance of the armature, I q is a fictious current along the quadrature axis that describes the magnetic poles needed to generate the field distribution induced by the temperature gradient, ϖ is the rotational speed, M dq describes the magnetic coupling between d and q axis, C is the electromagnetic torque. The physical meaning of the electrical quantities used in eqs 1 have been clarified in [4] and are briefly recalled below Equation 1a describes the excitation flux. Because of the fact that excitation is generated by a permanent magnet., eq. 1 is absolutely identical to the equation used to describe the excitation of a traditional dc machine and no novelty is found in this case. As a result Id is a current that the describe the excitation flux and, in a first approximation, is constant and does not depend on the armature temperature [8] .
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Equation 1b describes the torque generated by the curie motor and contains the novelties related to the description of a Curie motor. In a Curie motor the torque is generated by the permeability difference between hot and cold spot [9] . As already said, Id describes the excitation and, therefore, I q is related to the permeability difference induced by the temperature gradient. At stand still Th and T c are governed by the convection heat exchange with the cooling and heating system and the thermal conduction between the hot and cold spots inside the rotor. By using lumped parameters the temperature difference can be expressed as follows:
(2) where T c is the temperature at the cold spot, T h is the temperature at hot spot, L is the distance, k is the thermal conductivity, S is the surface normal to the heat flow and dq/dt the heat rate. At stand still heat flows from the hot spot to the cold spot and a constant temperature gradient is established. The maximum and minimum temperature T h and T c can be adjusted by adjusting the heat rate that is imposed by the temperature of the cooling and heating fluids [10] . These temperature imposes (through the magnetic characteristics of the material) the permeability difference and therefore determines I q . If one assumes that T h and T c are respectively above and below the Curie temperature of the material and that permeability difference around the ferromagnetic critical point is proportional to a power of this temperature difference, one can express I q as follows:
Where ν is the exponent the describes the dependence of the permeability difference on the temperature difference, and k1 is a constant that allows to match the lumped parameter to the real values. If eq. (3) is compared to eq. (1c), one can see that voltage in dq theory is played by the heat rate (in a non linear way if ν is different from 1).
If eq (3) is used to express in Iq in (1b), one obtains:
If the rotor is moving the physical phenomenon involved does not remain the same but one must also include the advection (the change in the thermal energy of a mass as it moves through space). As a result, one can show that the temperature difference can be roughly expressed (at least in the regimes feasible for a Curie motor) as
Where d is the distance between hot and cold spots and ω is the angular speed, k 2 is an angular constant that takes into account the geometrical details. In [4] it is shown how, this mathematical model is able to describe experimental results published by other authors [3] Design of a Thermomagnetic Motor. In order to obtain the first design of the thermomagnetic motor the mathematical model above outlined has been used as. More particularly eq.4, 5 and 2 can be combined together with the magnetic characteristics of the magnetic material in order to obtain a preliminary design. Eqs. 2, 4 and 5 show that in order to obtain the required performances the following points must be satisfied: a) a high torque is related to a high heat flow (eq2); b) the higher the temperature difference between hot and cold spot, the higher the achievable speed (eq.5); c)the higher the permeability difference between hot and cold spot, the higher the achievable torque(eq. 4); d)the temperature difference is inversely proportional to the surface perpendicular to heat flow between hot and cold spot (eq.2).
The above outlined consideration together with some analytical consideration have produced a preliminary design that has been refined trough a numerical multiphysics analysis. [11] 326
Design and Manufacture in Mechanical Engineering
The rotor of the motor obtained is shown in fig.3 . In fig. 4 it is shown the temperature field. The machine consists of an array of ferromagnetic tube circularly placed. The tube are made of ferromagnetic material and the hot and cold spot are marked in the figure Figure 3 . Structure of the rotor As already said the structure of the rotor has been designed by using a numerical multiphysics approach. The stator of the machine is obtained by using the stator of a single pole of a dc machine [12] . The field generated by the stator was equal to 0.9T. The heat source is guaranteed by an electromagnetic source which emits infrared rays. The heat sink is obtained by using cool water.. The radius of the rotor is 11 cm. Each tube is able to contain the ferromagnetic material and to guarantee the correct flow of the heat. The external diameter of the tube is 20mm.
The tube consists of two regions separated by two layers: in the inner region is contained the cooling fluid, in the external region the ferromagnetic material, the inner layer is made of aluminum and the external layer of plastic material. The function of the aluminum is to shield the fluid from infrared rays and to let the ferromagnetic material follow the optimum temperature cycle by maximizing the heat exchange and therefore the torque production. In fig. 5 the section of the of the tube is shown 
Experimental results
The machine designed has been built. The rotor of the machine has been built by inserting inside the tube (Fig.4) a Gd alloy. The hot and cold spots have been obtained by using hot and cold air. Two tests have been performed: -the measurement of the stand still torque versus the heat flow;
-achievable speed (for a given starting temperature).
A. Stand still torque measurement Stand still torque has been measured by applying a gravitational load to the rotor. The maximum torque has been obtained when the maximum temperature difference was present. In this test, temperature was measured by inserting thermocouple in the hot and cold spots. The maximum temperature difference was 35 °C (-15°C the cold spot and 20°C the hot spot). In this situation, a maximum torque of 1.2 N/m was achieved [13] . It was also recorded the dependence of the maximum torque on temeprature difference. This dependence was a linear dependence with a zero torque when the cold spot reached 15°C. However, temperature uniformity for this measurement was not well controlled.
B. Achievable speed vs the temperature difference. This test checked the validity of the theory presented in section II. As a matter of fact, this theory states [4] that under a constant external temperature difference, the rotation speed must reach exponentially a saturation level [14] . In this case, only hot spot temperature was measured by thermocouples located on the external heat source, and in order to guarantee that no variation of the temperature in the cold spot occured, the test was performed very quickly. The rotational speed was measured by using an optical digital encoder. Fig.5 shows, how the behavior of the speed qualitatively agrees with and exponentially saturated curve (however no attempt to identify the best fit parameters with actual motor parameter was done) Figure 5 . Acceleration experimental curves. Diamonds are the experimental points and continuous line is the best fit to and exponentially saturated curve.
Conclusions.
In this paper a Curie motor has been presented. The mathematical model used to design the motor has been presented and the dq theory of the Curie motor has been explained . It is shown, how the temperature difference plays a fundamental role for torque generation and that the temperature difference is governed by both thermal conduction as well as advection in the rotor. Finally, an experimental validation of the theory has been presented.
